Abstract: Optical traps consisting of two counterpropagating, divergent beams of light allow relatively high forces to be exerted along the optical axis by turning off one beam, however the axial stiffness of the trap is generally low due to the lower numerical apertures typically used. Using a high speed spatial light modulator and CMOS camera, we demonstrate 3D servocontrol of a trapped particle, increasing the stiffness from 0.004 to 1.5 µNm −1 . This is achieved in the "macro-tweezers" geometry [Thalhammer, J. Opt. 13, 044024 (2011); Pitzek, Opt. Express 17, 19414 (2009)], which has a much larger field of view and working distance than single-beam tweezers due to its lower numerical aperture requirements. Using a 10×, 0.2 NA objective, active feedback produces a trap with similar effective stiffness to a conventional single-beam gradient trap, of order 1 µNm −1 in 3D. Our control loop has a round-trip latency of 10ms, leading to a resonance at 20Hz. This is sufficient bandwidth to reduce the position fluctuations of a 10 µm bead due to Brownian motion by two orders of magnitude. This approach can be trivially extended to multiple particles, and we show three simultaneously position-clamped beads.
Introduction
Optical tweezers [3] has now become a standard technique for trapping, manipulation and force measurement [4, 5] in micron-sized physical and biological systems [6] . This has been extended by the use of Spatial Light Modulators (SLMs) to allow multiple particles to be manipulated interactively in three dimensions [7, 8] over a range of order 100 µm [9] . In its usual form, a holographic optical tweezer system uses a high-NA microscope objective to generate an intensity maximum which is tightly localised in three dimensions to give axial trapping due to the gradient force which can overcome the scattering force. However, two counterpropagating, diverging beams can also trap particles [10] , using opposing objective lenses [11, 12] , fibres [13, 14] , a mirror behind the sample [2, 15] or even optical phase conjugation [16] . In this configuration the scattering forces from the two beams cancel out when the particle is in the centre, and act to push the particle back when it is displaced axially. This removes the requirement for high numerical aperture, and enables the use of long working distance objectives and lower The use of lower magnification objectives also opens up the possibility of manipulating larger objects [1] and of adding a side view to the system [17] . Both of these can use multiple objective lenses [10, 18] , however it is also possible to use a single objective with a modified sample cell. By placing a mirror behind the sample, it is possible to use a holographic system to create foci in front of and behind the mirror [2, 15] , referred to as "macro-tweezers" [1] . The mirror then reflects one of these foci to create two foci with opposite directions of propagation, as shown in Fig. 1 . By adding a prism at the side, we can use the same objective to view the sample from two orthogonal directions [1] . Fig. 1 . Schematic of the trapping and imaging system. The laser is split into two beams with the SLM, one of which is reflected by the mirror to form a backward-propagating focus. A prism provides a side view, from which we can find the axial position of objects.
Counterpropagating traps can achieve very high axial forces by turning off the upwards-or downwards-propagating beam. However, the axial stiffness is usually very low, meaning that Brownian motion causes the particle's axial position to vary by as much as several microns, complicating accurate positioning or force measurement in the axial direction. This combination of low stiffness and high maximum force makes the system an ideal candidate for closed loop control. In this article, we describe the implementation of feedback control in macrotweezers, using a fast SLM and CMOS camera. The use of these technologies allows us to attain a bandwidth an order of magnitude higher than that previously reported using a GPCbased system [18] , resulting in much smaller residual motion and a greatly reduced resonance.
Position clamping in single-beam gradient traps [19, 20, 21, 22 ] requires a bandwidth of many kHz to achieve a large suppression of residual Brownian motion. However, the larger objects which can be trapped in counterpropagating traps exhibit less high-frequency motion due to the greater viscous drag forces they experience. This means that a lower bandwidth is required in the servo loop, making it more easily accessible with cameras and SLMs. Figure 2 shows our optical system, similar to that described in [23] but with an Olympus 10x, 0.2NA objective, and a different focal length lens in front of the SLM to fill the objective's back aperture. A 300 mW, 671 nm DPSS laser system (Roithner LaserTechnik) was used, and a corresponding band-reflecting mirror was placed behind the sample. Two fibres, similar to those in [23] , were used to illuminate the sample from above and from the side. The sample cell was prepared as in [2] , with a square cross-sectioned cuvette (VitroCells 8240) and a miniature right-angle prism (NT45-385, Edmund Optics). An air gap underneath the cell ensures the focal planes for the bottom and side views coincide approximately in the middle of the cell.
Method

Optical System
The fast SLM (Boulder Nonlinear Systems) runs at 203 Hz, controlled by our low-latency OpenGL software [24] to minimise delays in the control loop. A fast CMOS camera (Mikrotron EoSens 1362-CL) was used to monitor the position of the bead from the two viewpoints which allowed recovery of its 3D position. Image acquisition and control logic were performed in Lab-VIEW (National Instruments). Regions were defined on the camera corresponding to bottom and side views, then smaller regions were extracted around the trapped particles, which were tracked with a symmetry transform implemented in C [25] . A CameraLink Full framegrabber (National Instruments PCIe 1433) provided sufficient bandwidth to run the camera at 1 kHz with a field of view 1280 × 512 pixels (1.6 × 0.6 mm) across. 
Control Logic
Trapped objects can be moved in z either by axially shifting the two foci or by adjusting the balance of power between the upper and lower beams, keeping total power constant. The latter method allows large forces to be exerted, so we use this to effect closed-loop control. Shifting the foci allows the bead to be moved over a large axial range while keeping the foci relatively close (thus maximising the lateral force), so we use this to position the bead in open-loop mode. The foci are centred on the position set-point in closed loop mode. Changing intensities can also change the equilibrium position with fixed focal planes [18] , however stable traps can only be formed between the two foci, limiting either the axial range or the maximum lateral force.
To minimise the displacement of the bead from the setpoint, we use a simple proportional controller [20, 24] i.e. the balance of power in the two beams β = (P up − P dn )/P total = a z ∆z where ∆z is displacement, a z is feedback gain and P up , P dn are the powers in the two beams. However, as the force due to changing β is nearly independent of the particle's position, the controller is effectively integrated by the bead on timescales smaller than the autocorrelation time, which is several seconds (ż bead ∝ β and hence z bead ∝ β ).
The control loop runs at 1 kHz, the speed of the camera. The SLM is updated each time it refreshes, which occurs at the maximum frame rate (203Hz). Our round trip latency is in the region of 10 ms, which means the servo loop becomes resonant at around 20 Hz. This is a significant limitation when working with small objects where there is significant Brownian motion above this frequency, which cannot be compensated for with servocontrol. However, the larger objects which can be trapped in counterpropagating traps are more strongly damped by the surrounding fluid, and consequently they exhibit less high-frequency motion. This means that more of their Brownian motion can be cancelled out.
Results
Using the system described above, a 10 µm Silica sphere was held in a trap, and then servocontrol was activated laterally, axially, and in 3D. A scatterplot of the bead's motion in y and z is shown in Fig. 3(a) . Stiffness in x, y and z (as estimated using the equipartition formula, κ z = k B T / z 2 ) was increased from (0.14, 0.08, 0.004) µNm −1 to (1.9, 0.85, 1. stiffness of 1.5 µNm −1 was reached when the particle was clamped only in z. As the feedback gain is increased, the particle's position fluctuations decrease. Power spectra for axial motion are given in Fig. 3 as a function of gain, along with a plot of effective stiffness against gain. The y axis is the long axis of the cuvette. The ends were closed with valves, but residual fluid flow made the y direction more susceptible to mechanical interference. This, combined with slight misalignments, may explain the lower stiffness in y. Fig. 3 . Scatterplot of the motion of a 10 µm Silica particle in the trap with and without feedback (100 s of data at 1 kHz), along with power spectra of the particle's motion and corresponding stiffness values for different feedback gains a z in the axial direction.
Active feedback not only reduces position fluctuations, it also improves the speed and settling time when moving particles over longer distances. Fig. 4 shows particle tracks for a 10 µm bead moved in a square wave pattern in the axial direction. In open-loop mode, the axial position of the two foci (separated by 20 µm, chosen to maximise axial stiffness) were shifted to move the trap centre to the position set-point. The axial stiffness is very low, so the relaxation time of the trap was much longer than the few seconds between flips. With closed-loop control, the bead quickly reached the set-point. The response time of the bead was limited by the maximum speed which could be reached by the particle, with all the power in one beam. This is why the response is predominantly linear rather than exponential. The amplitude of 20 µm was chosen to prevent the bead being lost from the trap in open-loop mode.
Holographic optical tweezers and camera-based position sensing make it simple to extend closed-loop control to multiple particles: Fig. 4 shows three beads position-clamped in 3D. The stiffness of these traps was approximately 0.7 ± 0.2 µNm −1 in 3D, due at least in part to the laser power being divided between three traps. Provided the regions of interest corresponding to each trap were distinct (i.e. separation ≥ 20 µm), crosstalk between traps was not observed. 
Discussion
The use of closed loop control in a counterpropagating optical trap can significantly increase both the effective stiffness of the trap and the maximum axial force it can apply. The servocontrolled trap is stiff and stable when the two foci are close together, which maximises the available lateral force (in the open loop system one must compromise between axial stability when the foci are well separated and maximum lateral force when they are close together). This is important when manipulating particles over the comparatively large distances, and hence high speeds, accessible using a low-magnification objective. Our implementation uses a high-speed camera [26] and a fast SLM with optimised hologram generation to increase the bandwidth of our system by an order of magnitude compared to the previous work [18] . Also, the ability to axially reposition the foci increases the maximum force available to us compared to a fixed-focal-plane system. Having a side view allows very simple 3D tracking of particles for closed loop control, and is a useful addition to the existing techniques. Digital holographic microscopy can track objects in 3D [27, 28] , but requires demanding image processing making it too slow for closed-loop control at present. It also requires coherent light and often a high-NA objective. Similarly, stereoscopic particle tracking [29, 23, 30, 25] achieves high resolution only in conjunction with high-NA optics. Looking from the side has been implemented using an additional objective [17] , however the convenience of a modified sample cell [1] is a significant advantage.
Conclusion
We have demonstrated closed loop control of a bead held in a counterpropagating optical trap, generated using a single objective and an SLM. The system has a high enough bandwidth to increase the axial trap stiffness by a factor of 300, thereby suppressing a significant portion of the particle's position fluctuations due to Brownian motion and external disturbances. Closed loop control also provides a stiff trap when the foci are close together axially, which increases the maximum force available laterally as well as axially. This enables faster manipulation of particles in the large workspace available with a low magnification objective, and makes the stiffness of such a trap comparable to a single-beam gradient trap. 
